Objective. To assess the diagnostic performance of a T1-independent, T2 * -corrected multiecho magnetic resonance imaging (MRI) technique for the quantification of hepatic steatosis in a cohort of patients affected by chronic viral C hepatitis, using liver biopsy as gold standard. Methods. Eighty-one untreated patients with chronic viral C hepatitis were prospectively enrolled. All included patients underwent MRI, transient elastography, and liver biopsy within a time interval <10 days. Results. Our cohort of 77 patients included 43/77 (55.8%) males and 34/77 (44.2%) females with a mean age of 51.31 ± 11.27 (18-81) years. The median MRI PDFF showed a strong correlation with the histological fat fraction (FF) ( = 0.754, 95% CI 0.637 to 0.836, < 0.0001), and the correlation was influenced by neither the liver stiffness nor the T2 * decay. The median MRI PDFF result was significantly lower in the F4 subgroup ( < 0.05). The diagnostic accuracy of MRI PDFF evaluated by AUC-ROC analysis was 0.926 (95% CI 0.843 to 0.973) for ≥ 1 and 0.929 (95% CI 0.847 to 0.975) for = 2. Conclusions. Our MRI technique of PDFF estimation allowed discriminating with a good diagnostic accuracy between different grades of hepatic steatosis.
Introduction
It is well known that hepatitis C virus (HCV), particularly genotype 3, can lead to steatotic change in hepatocytes. In fact, the proportion of chronic hepatitis C patients with steatosis is considerable, suggesting a direct role of HCV in the intrahepatic accumulation of triglycerides, with a reported prevalence ranging from 40 to 80% [1, 2] . In addition, steatosis has been recognized as one of the factors capable of influencing both liver fibrosis progression and the rate of response to interferon-alpha-based therapy [3] . Currently, percutaneous liver biopsy remains the reference standard for the diagnosis and grading of hepatic steatosis, but its clinical application for purposes of screening, frequent monitoring, and epidemiologic studies is limited by the significant risk of bleeding, infection, and sampling error [4] . Different noninvasive imaging techniques have been proposed to assess the presence and severity of hepatic steatosis, including ultrasonography (US), computed tomography (CT), and magnetic resonance imaging (MRI) [5] . Due to its power of tissue characterization, MRI has a pivotal role for the detection and quantification of liver fat content. To this regard, the main MRI-based tools include fat-suppressed and chemical-shift water-fat separation techniques (i.e., 2-and 3-point Dixon, multiecho and multi-interference methods) and magnetic resonance spectroscopy (MRS) [6] [7] [8] [9] [10] . Currently, MRS is regarded as the most accurate noninvasive imaging method for assessing fatty liver, and MRS-derived fat fraction (FF) represents an objective biomarker of this condition, characterized by a strong correlation with intracellular triglyceride content [11] [12] [13] [14] [15] . However, MRS is not widely available, is time consuming to perform and analyze, and samples only a small portion of the liver (i.e., a volume of about 4 cm 3 ) [10, 12, 15] . Due to the limitations of spectroscopy, rapid chemical-shift methods are more commonly used in the clinical practice for estimating the liver FF [8, 11, 13, [16] [17] [18] . Otherwise, the application of these ready-available MRI techniques is hindered by the presence of different confounding factors (i.e., T1 relaxation effects, T2 * decay, spectral complexity of fat, noise bias, B0 inhomogeneity, and eddy currents), that require proper correction [10, 12, [17] [18] [19] . More recently, in order to eliminate all major biases seen with conventional chemical shift-based methods, newer multiecho [8, 11, 13, 20] and multi-interference [10, 12, 19, [21] [22] [23] methods incorporating spectral modeling of fat have been described for the quantification of proton density fat fraction (PDFF). In addition, in chronic liver disease, hepatic steatosis may coexist with various other histological abnormalities, including fibrosis, necroinflammatory activity, and hemosiderin deposition, which may act as confounding factors on fat quantification by MRI [8] . From a clinical viewpoint, the issue regarding MRI quantification of hepatic steatosis in patients affected by chronic viral C hepatitis has been addressed in few previous works [24] [25] [26] . The purpose of our study was to assess the diagnostic performance of an original T1-independent, T2 * -corrected multiecho MRI technique for the estimation and quantification of liver steatosis in a cohort of patients with chronic viral C hepatitis, using histology as standard of reference and assessing the influence of the other histological abnormalities on MRI PDFF measurements.
Methods

Inclusion of Patients.
This was a prospective, monocentric, and institutional review board approved study and patient's enrollment was performed at the Unit of Infectious Diseases of our institution. From January 1st, 2013, through December 31st, 2013, 81 consecutive untreated patients with chronic viral C hepatitis were enrolled into the study after giving written informed consent. All patients were untreated (i.e., not under interferon-based therapies) at the time of enrollment. Exclusion criteria were the presence of major contraindications to 1.5T MRI (e.g., cardiac pacemaker, claustrophobia, foreign bodies, and implanted medical devices with ferromagnetic properties [27] ) and/or to liver biopsy (e.g., uncorrectable coagulopathy [28] 
where 1 and 2 are the signal amplitudes of water and fat, respectively, * 2, and * 2, are the transverse relaxation times of water and fat, and = 2 /4.6 ms is the chemical shift between water and fat at 1.5 T. The algorithm simultaneously estimates T2
* and PDFF in each voxel of the image by using nonlinear least-squares fitting from all 16 echoes, assuming exponential decay and considering that fat has its own inherent T2 decay of 12 ms.
The quality of fit is assessed by means of the coefficient of determination 2 and pixels with low-quality fit are excluded from further processing by applying appropriate thresholds on the 2 value. The PDFF is then calculated by the following formula: FF = 2 /( 1 + 2 ).
A color-coded map reflecting the estimated PDFF values in each pixel of the image is displayed and juxtaposed on the corresponding axial MRI slice. The histogram of pixel distribution with mean, median, and standard deviation of the PDFF values is computed in a freehand, elliptical, or rectangular user-adjustable ROI. A single abdominal radiologist, blind to the results of both TE and histology, performed ROI positioning. A single freehand ROI was drawn in a midhepatic axial slice including the right lobe of the liver and systematically excluding large blood vessels, biliary ducts, and focal lesions. The mean area of the ROIs was of about 40-60 cm 2 , depending on patient's anthropometric features ( Figure 1 ). MRI PDFF and T2 * decay were calculated in the same ROI. Clinically significant hepatic iron overload was defined by MRI T2
* values less than 6.3 ms, corresponding to a liver iron concentration in dry tissue (LIC dry weight) of 4.2 mg/g [29, 30] .
Transient Elastography. Transient elastography (TE) is
a corroborate method for the assessment of liver fibrosis in patients with chronic C hepatitis. TE was performed with FibroScan (Echosens, Paris, France) with liver stiffness measurements expressed in kilopascals (values between 2.5 kPa and 75 kPa are expected) [31] . Acquisitions that do not have a correct vibration shape or a correct followup of the vibration propagation are automatically rejected by the software. Measurements of liver stiffness were performed on the right lobe of the liver through intercostal spaces in correspondence to the midaxillary line, while patients were lying in the supine position with the right arm in maximal abduction. In all included patients, TE measurements were successfully acquired (i.e., 10 correct measurements with an interquartile range lower than 30% of the median liver stiffness value [32] ).
Liver Biopsy.
Ultrasound-assisted percutaneous liver biopsy was performed with an intercostal approach using 15-to 18-gauge needles. All biopsy specimens were fixed in formalin and embedded in paraffin. A single expert liver pathologist, blind to the results of both TE and MRI, read the specimens on site. Fibrosis was semiquantitatively evaluated and staged on a 5-point scale from 0 to 4 according to the METAVIR scoring system (F0, absent; F1, enlarged fibrotic portal tract; F2, periportal or initial portal-portal septa but intact architecture; F3, architectural distortion but no obvious cirrhosis; and F4, cirrhosis) [33] . Necroinflammatory activity, represented by piecemeal necrosis and focal lobular necrosis, was semiquantitatively evaluated by using the histological activity index described in the METAVIR system and graded as follows: 0, no activity; 1, mild; 2, moderate; 3, severe [33, 34] . Liver steatosis was determined by estimating the percentage of fat-containing hepatocytes on hematoxylineosin stained specimens and graded according to the method of Kleiner et al. [35] : S0, steatosis in fewer than 5% of hepatocytes; S1, 5%-33% of fatty hepatocytes; S2, 34%-66%; and S3, more than 66%. We also considered the percentage of fatty hepatocytes as an absolute value which was defined as histological fat fraction. Following the clinical standard, a Perl's Prussian blue reaction was applied to detect the presence of hemosiderin granules in biopsy specimens. The following ordinal 4-point scoring system was employed: grade 0, no iron deposits; grade 1, mild; grade 2, moderate; grade 3, high iron content [36] .
Statistical Analysis.
Descriptive statistics were produced for demographic, clinical, and laboratory characteristics of patients. Categorical data were expressed as number and percentage, while continuous data were expressed as mean and standard deviation (SD) or median and range (from minimum to maximum). The normal distribution of different datasets was assessed by means of the D' Agostino-Pearson test. Nominal statistical significance was defined with a of 0.05. The correlation of histological FF with MRI PDFF was tested by means of Spearman's rank test, using both the arithmetic mean and the median of MRI PDFF values. Spearman's rho ( ) values were interpreted as follows: for values of of 0.9 to 1, the correlation is very strong; for values of between 0.7 and 0.89, correlation is strong; for values of between 0.5 and 0.69, correlation is moderate; for values of between 0.3 and 0.4.9, correlation is moderate to low; for values of between 0.16 and 0.29, correlation is weak to low; for values of below 0.16, correlation is too low to be meaningful. Since the median MRI PDFF showed a better correlation with the histological FF, this parameter was adopted for the subsequent statistical analysis. The correlation of median MRI PDFF values with histological FF was also tested using a partial correlation model, where liver stiffness, expressed in kPa, and T2 * decay, expressed in ms, were introduced as confounding covariates. The cohort of patients was further stratified according to each histological feature of the METAVIR system, including fibrosis stage (F), inflammatory activity (A), and steatosis grade (S). Box plots were used to study the distribution of MRI PDFF according to each stage of fibrosis, inflammatory activity, and steatosis, and the presence of significant differences in the median MRI PDFF values among subgroups of patients was tested using the nonparametrical Kruskal-Wallis test. After a positive Kruskal-Wallis test (P value < 0.05), a post-hoc analysis was conducted performing pairwise comparisons between subgroups. The diagnostic performance of MRI for detecting the correct histological grade of hepatic steatosis was assessed by using receiver operating characteristic (ROC) curves. For the ROC curve analysis, the area under curve (AUC), optimal cutoff values, sensitivity, specificity, and positive and negative predictive values were calculated. Optimal cutoff values of MRI PDFF were chosen to maximize the sum of sensitivity and specificity for two steatosis thresholds: S0 versus S1-S2 ( ≥ 1) and S0-S1 versus S2 ( = 2). Ultimately, the MRI PDFF was introduced as dependent variable in a multiple regression model, using patient's age, BMI, TE liver stiffness values, MRI T2
* values, METAVIR stage of fibrosis, inflammation, steatosis, and histological FF as independent variables. 
Results
Four patients were excluded due to severe motion/respiratory artifacts in their MRIs, precluding an accurate measurement of PDFF. The resulting cohort of 77 patients with chronic C hepatitis included 43/77 (55.8%) males and 34/77 (44.2%) females with a mean age of 51.31 ± 11.27 (from 18 to 81) years and a mean BMI of 22.39 ± 2.27 (from 18.43 to 27). Seventy-one/77 patients (92.2%) presented detectable serum HCV-RNA levels (above the detection threshold of 15 IU/mL of our method), while 6/77 patients (7.8%) were in sustained virological response. In this latter subgroup, the standard treatment with peginterferon and ribavirin was stopped at least 18 months before the time of inclusion. Demographic, clinical, and laboratory characteristics of patients are summarized in Table 1 . The mean MRI PDFF of our cohort of patients, expressed in percentage units, was 11.76 ± 4.73 with a median of 5.87 (from 0.7 to 17.01). The mean liver T2 * value was 30.33 ± 5.98 ms with a median of 31.32 ms (from 16.36 to 43.6 ms). We did not find patients with a histological steatosis of grade 3 (S3), and hemosiderin deposits were found in 4 patients. In addition, T2
* values were not indicative of hepatic iron overload of clinical significance (i.e., below the threshold of 6.3 ms) in any patient. Therefore, we were not able to assess the diagnostic performance of MRI PDFF for the detection of severe steatosis (i.e., grade 3, >66% fatcontaining hepatocytes) and the potential confounding effect of iron overload on MRI PDFF measurements. On the other hand, we introduced T2 * values in the partial correlation model in order to verify their influence on the correlation between MRI PDFF and histological FF.
Correlation and Subgroup Analysis.
The correlation of the mean MRI PDFF value with the histological FF was moderate ( = 0.624, 95% CI for rho 0.465 to 0.744, < 0.0001), while the correlation of the median MRI PDFF value with the histological FF was strong ( = 0.754, 95% CI for rho 0.637 to 0.836, < 0.0001). The median MRI PDFF values for each steatosis grade were: 4.3 (0.7-10.09) for S0; 10.4 (3.7-16.2) for S1; 13.5 (8.4-17.01) for S2 ( < 0.05) (Figures 2 and 3) . Stratifying the cohort of patients according to the METAVIR stages of parenchymal fibrosis, the median MRI PDFF values resulted in significantly different among different subgroups ( < 0.05 with the Kruskal-Wallis test). The post-hoc analysis showed that the median MRI PDFF in the F4 subgroup was significantly lower than in the other subgroups of patients ( < 0.05) ( Table 2 ). Stratifying the cohort of patients according to the METAVIR stages of necroinflammatory activity, the Kruskal-Wallis test did not reveal a significant difference among the median MRI PDFF values of the four subgroups of patients ( > 0.05) (Figure 4) . Box-and-whisker plots for MRI PDFF measurements in relation to each grade of steatosis, fibrosis, and necroinflammatory activity are shown in Figure 4. 
Diagnostic Accuracy of MRI PDFF.
The diagnostic accuracy of MRI PDFF evaluated by AUC-ROC analysis was 0.926 (standard error 0.0354, 95% CI 0.843 to 0.973) for ≥ 1 and 0.929 (standard error 0.0363, 95% CI 0.847 to 0.975) for = 2. The best MRI PDFF cutoff value to differentiate between S0 and S1-S2 patients was 6.87, showing a sensitivity of 87.10% (95% CI 70.2-96.4), a specificity of 97.83 (95% CI 88.5-99.9%), a positive predictive value (PPV) of 96.4% (95% CI 81.7-99.9), and a negative predictive value (NPV) of 91.8% (95% CI 80.4-97.7) (Figure 5(a) ). The best MRI PDFF cutoff value to differentiate between S0-S1 and S2 patients was 11.08, showing a sensitivity of 87.5% (95% CI 47.3-99.7), a specificity of 88.41% (95% CI 78.4-94.9), a positive predictive value (PPV) of 46.7% (95% CI 20.5-74.3), and a negative predictive value (NPV) of 98.4% (95% CI 91.3-100) ( Figure 5(b) ).
Influence of Confounding Variables on MRI PDFF Measurements.
The correlation between MRI PDFF and histological FF was strong even in a partial correlation model, using TE liver stiffness values (expressed in kPa) and T2 * decay (expressed in ms) as covariates ( = 0.775, < 0.0001).
The multiple regression analysis showed that only steatosis grade at histology and histological FF were factors independently associated to the median MRI PDFF (Table 3 ).
Discussion
Liver biopsy with histological visualization of hepatocellular fat vacuoles remains the reference method in order to determine the grade of steatosis in chronic liver diseases, but it is an invasive procedure, which can study only a small portion of the liver (i.e., 1/50,000 of the total volume) [4, 30] . Discomfort and bleeding are well-known procedurerelated complications. In addition to sampling errors, routine histological examination is semiquantitative and observerdependent, and grading is performed with broad severity brackets [37] . Therefore, a noninvasive and objective assessment on a continuous scale may be preferable to biopsy in both clinical practice and research. Different noninvasive imaging methods, including US, CT, and MRI, have been employed to provide an estimate of liver steatosis. It causes reduced liver attenuation at CT, resulting in low hepatic density compared to spleen during precontrast and portal venous phase imaging [5] . Despite the development of quantitative methods of image analysis to assess the severity of hepatic steatosis with CT [5] , the clinical implementation of this imaging modality is hampered by exposure to ionizing radiation, which limits its application for repeated measurements in monitoring disease progression [9, 15] . Using Bmode US imaging, an indirect estimate of hepatic steatosis is obtained by comparing the echogenicity of the liver parenchyma with that of the cortex of the right kidney. This comparison may be performed in either semiquantitative (i.e., normal liver echotexture, minimal, mild, moderate, and severe hyperechogenicity [5] ) or quantitative modality (i.e., hepatorenal index [38] ). Hepatorenal index calculation has been presented as an effective tool for differentiating patients with steatosis from those without steatosis [38] , showing a strong correlation with the histological FF ( = 0.71, < 0.0001). However, it has to be kept in mind that a high echogenicity of the liver parenchyma in not synonymous of steatosis. In fact, this appearance of the liver at B-mode US may also be related to the presence of parenchymal fibrosis and liver iron overload, leading to overestimation of the true steatosis grade or misdiagnosis.
MRI-based techniques have been widely employed to determine the presence and grade the severity of hepatic steatosis, and MRS is regarded as the most accurate noninvasive method for assessing this condition [11] [12] [13] [14] . In fact, FF calculated from spectroscopy-determined proton densities has shown a strong direct correlation with the intracellular triglyceride content [14, 15] . However, this expensive and time-consuming technique is not widely available and is mainly limited to research settings. Advanced multiecho and multiinterference MRI techniques allow measurement of PDFFs that are corrected for confounding factors, including B0 inhomogeneity, T1 bias, T2 * decay, and multifrequency signal interference effects caused by protons in fat [10] [11] [12] [13] [17] [18] [19] . The most recent studies are giving encouraging results on clinical grounds, demonstrating a strong correlation between MRI PDFF and hepatic steatosis grade determined by histological validation, and proposing MRI PDFF as a valid noninvasive biomarker for assessing liver fat content [21, 23] . Idilman et al. have recently shown that sequential MRI PDFF quantification may also be employed for monitoring the longitudinal changes of the liver fat content in NAFLD patients [23] . In our work, we performed the quantification of MRI PDFF by means of a comprehensive model derived from that proposed by Bydder et al. [19] , incorporating correction for T1-and T2 * relaxation effects, B0 inhomogeneity, and spectral complexity of fat. This method of analysis has never been employed in a homogeneous cohort of patients with chronic C hepatitis. The prevalence of steatosis in chronic C hepatitis is about 40%, which represents an approximately 2-fold increase compared to the prevalence of steatosis in chronic B hepatitis (i.e., 20%) [1] . In fact, HCV infection is considered to be directly involved in the accumulation of triglycerides in hepatocytes (the so-called "viral" steatosis) [39] . According to the literature, we found in our cohort of patients a prevalence of steatosis of 40.26%. In HCVrelated steatosis, the percentage of fat-containing hepatocytes is usually mild to moderate (i.e., 10-20%) [34] , as it was observed in our study, with a median histological FF in patients with relevant steatosis ( ≥ 1) of 15%. In addition, we observed a lack of patients with grade 3 steatosis (i.e., >66% of fat-containing hepatocytes). The severity of steatosis seems to correlate with the level of HCV replication (i.e., HCV RNA levels in serum) [3] , and it significantly reduces or disappears when patients are successfully treated with antivirals [40] . Interestingly, and according to our results, as the liver disease progresses to cirrhosis (i.e., F4 METAVIR stage of fibrosis), there is a trend of reduction of parenchymal steatosis [41] , a phenomenon already observed in NAFLD [42] . Some longitudinal studies underscored the role of steatosis in fibrosis progression. In a recent study on paired liver biopsies performed in 135 untreated patients with chronic C hepatitis [43] , steatosis was the only independent factor predictive of fibrosis progression. The progression of fibrosis was significantly related to the percentage of hepatocytes with steatosis [43] . Given the clinical importance of steatosis detection and grading in chronic viral C hepatitis, we aimed to assess the clinical value of MRI PDFF as a noninvasive biomarker of fatty liver, finding a significant, strong correlation of the MRI PDFF with the histological FF. According to the results of Tang et al. [10] , we noticed that MRI PDFF values are lower than histological figures, and MRI PDFF cutoff values to distinguish between different steatosis grades are not comparable with the histological ones. This is not surprising, since histologic examination assesses the percentage of fat-containing cells in the biopsy specimens and does not measure the volumetric fat content in a wide portion of liver parenchyma. With MRI PDFF, the proportion of mobile protons contained within fat molecules of threedimensional liver voxels is quantified [8, 10, 12] . Therefore, MRI PDFF and histological FF assess different aspects of steatosis. Our study has some limitations. As mentioned above, the lack of patients with a grade 3 steatosis may be considered an intrinsic limitation when examining a cohort of patients affected by chronic viral C hepatitis. Therefore, we were not able to assess the diagnostic performance of PDFF for discriminating between S0-S2 and S3 patients. In addition, we did not find cases of clinically significant MRI-detectable iron overload (i.e., MRI T2 * values <6.3 ms [29] ), and the presence of hemosiderin deposits was appreciable in only few cases. This may be due to the low number of cirrhotic patients in our cohort; in fact, it is known that histologically detectable iron is more frequently associated with advanced parenchymal fibrosis and cirrhosis [44] . Therefore, we were not able to reliably assess the influence of hepatic iron accumulation on the MRI PDFF measurements. Nevertheless, we decided to introduce T2 * decay as a confounding covariate in the partial correlation model, finding that its influence on the correlation between MRI PDFF and histological FF was not significant. A point of strength of our study is that we kept a reasonably low time-interval between MRI, liver biopsy, and TE (<10 days), thus avoiding any meaningful change in the hepatic fat content during the biopsy-MRI imaging interim. In addition, we performed a double check of the influence of parenchymal fibrosis on MRI PDFF measurements, introducing TE values of liver stiffness in the partial correlation model and both TE values and METAVIR stage of fibrosis in the multiple linear regression analysis.
Conclusions
MRI PDFF is a promising technique for the noninvasive assessment of liver steatosis in patients with chronic viral C hepatitis. In particular, MRI PDFF has shown a strong correlation with the histological FF, and this correlation seems to be influenced by neither the stage of parenchymal fibrosis nor the necroinflammatory activity. In addition, MRI PDFF allows discrimination between different histological grades of steatosis with good diagnostic accuracy. Further studies on larger cohort of patients involving adequate control groups are needed to get a complete clinical validation of this technique in patients with chronic viral C hepatitis.
